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In-situ Controls for 
MOVPE Manufacturing 
Alan G.Thompson, R.Karlicek, E.Armour, W.Kroll, P.Zawadzki and R.A.Stall 
EMCORE Corporation, 394 Elizabeth Avenue, Somerset, NJ 08873, USA 
Much of the early research that established MOVPE was done with simple, single-wafer 
systems. Uniformity and reproducibility were not show-stoppers - developing the precursors, 
growth processes and device fabrication techniques were more important. This situation has 
changed so that now the emphasis is on lower cost devices opening new applications or 
replacing older technologies. In this paper we will examine the major factors that affect 
manufacturing costs in the high volume production of MOVPE-grown material for 
compound semiconductor devices, emphasizing the importance of reproducibility. 
D evice manufacturers have 
several choices for epitaxial 
growth techniques, but for 
today's advanced structures, only two 
can really do the job, Molecular Beam 
Epitaxy (MBE) and Metalorganic Va- 
por Phase Epitaxy (MOVPE, also 
called OMVPE and MOCVD). While 
MBE has often been used to perform 
the initial R&D on a device, it has 
some major drawbacks for higher 
volume manufacturing. This is help- 
ing MOVPE move out of the lab and 
pilot product ion stage into high 
volume manufacturing (see sidebar). 
HB-LEDs using InGaA1P and emitting 
in the red to green regions are 
replacing older technologies employ- 
ing LPE and VPE material, while III- 
Nitride-based LEDs emitting in the 
blue and green are opening huge 
new markets. Laser Diodes are mov- 
ing from MBE to MOCVD as the 
applications widen and cost pres- 
sures increase. MMICs employing 
HBTs or HEMTs are growing rapidly 
for personal communication devices, 
DBS and automotive applications. 
Major manufacturing 
issues 
1. The performance of any fabricated 
device must be adequate to meet the 
intended application. Therefore the 
material must meet a given set of 
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The Enterprise E400 MOVPE system has proven itself in three shift operation at Spectrolab, 
Inc, over the last year, producing a~nced solar cells. Reliability has been outstanding 
monitoring or controk Optical po~ For ellipsometry are also available as an option 
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specifications. Note that this is a 
necessary but not sufficient condi- 
tion for successful manufacturing, 
since in practice there will be some 
faUout, or yield loss, due to process 
variations and tolerances, and the 
final cost per wafer and device must 
be low enough to be competitive. If
the yield loss is small, it will have 
little effect on costs, but if it is larger 
it will reduce the number of devices 
produced and increase costs. Making 
one working device shows feasibility 
but does not establish a production 
process. Typically, there are specifi- 
cations for each layer thickness, 
composition, and doping; other fac- 
tors such as lattice matching, inter- 
face  abruptness  and sur face  
morphology are also often important. 
2. To assure a reasonable yield, the 
uniformity and reproducibility of the 
epitaxial layers must be held within a 
certain statistical tolerance. This ap- 
plies to within wafer uniformity 
(which is the most widely quoted 
figure), from wafer to wafer within a 
batch for a multi-wafer eactor (see 
Figure 1), and run to run over a long 
period of time. In a manufacturing 
situation, the latter two are just as 
important as the first, since other- 
wise the yield will suffer or the 
growth and device fabrication pro- 
cesses must be continually adjusted. 
In MOVPE, test and calibration runs 
are per formed to determine and 
adjust growth rates, composit ions 
and doping levels. These runs are 
typically on simple structures to 
facilitate measurements, and do not 
produce a saleable product. This 
reduces the effective equipment uti- 
lization time, reducing throughput 
and increasing costs. The more re- 
producible the growth system, the 
fewer of these runs need be made. 
3. The materials used in the MOVPE 
growth process - substrate wafers, 
alkyls (metalorganics), and hydride 
and carrier gases - are all expensive, 
and contribute substantially to the 
finished wafer cost. Therefore, any 
improvement that reduces their con- 
sumption will help reduce costs. 
Having a high alkyl efficiency and an 
efficient wafer packing density will 
ensure the maximum quantity of 
alkyls deposited on the wafers [1]. 
Decreasing the V/III ratio to the 
lowest feasible level will minimize 
hydride consumption. To compute 
material costs, one must look at the 
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Figure 1. Photoluminescence wavelength uniformity maps for Ino.ae (Gao.esAIo.15)0.5# wafers 
grown in an EMCORE Enterprise E400 MOVPE system.The plots show the distribution for wafers 
near the disk center, the radius midpoint and the outside (three rings of 2 wafers).Wafer to wafer 
uniformity is-0.1 nm. 
big picture. For example, TBAs is 
much more expensive than arsine 
(ASH3). However, many processes 
can run at lower V/III ratios with 
TBAs. In addition, due to its lower 
vapor pressure, the use of TBAs can 
avoid the initial capital expense of 
gas cabinets, high pressure piping 
runs, and extensive alarm systems. 
This saving in depreciat ion costs 
must be weighed against he higher 
cost /gram of TBAs compared  to 
arsine. Several large manufacturers 
have chosen to use TBAs for their 
production lines. Obviously, the cal- 
culation must be done for the actual 
manufacturing location, taking into 
account local safety rules, accounting 
practices, and so on. 
4. Cost of Ownership (CO0) models 
have shown [2] that the largest 
system that is reasonably fully utilized 
usually results in the lowest per 
wafer epi cost. For higher volume 
lines, this translates into a large batch 
size. The throughput can be max- 
imized by using the highest possible 
growth rate and by shortening the 
non-productive part of the growth 
process, the overhead time (which 
we define to include all loading and 
unloading steps, purges, heat up and 
cool down, and deoxidation). Adding 
the overhead time to the deposition 
time gives the total run time. The 
throughput is decreased by any time 
the system is not available for growth 
runs. In addition to the non-produc- 
tive calibration and test runs, time is 
needed for preventive maintenance 
operations and unscheduled stop- 
pages. The latter are due to system 
breakdown, a facility problem, or 
poor manpower utilization. Decreas- 
ing any of these will help the 
throughput, which is directly related 
to product cost. The system there- 
fore needs to be as reliable as 
possible and require minimum down- 
t ime for maintenance operat ions 
such as cleaning. Once again, a high 
reproducibility minimizes the num- 
ber of calibration runs and increases 
throughput. 
Looking at the above analysis we 
can see that reproducibility, in con- 
junction with wafer uniformity, is key 
to achieving an efficient manufactur- 
ing operation. Since many of the 
other issues have been addressed by 
ourselves and others [3], we will look 
principally at the factors that affect 
reproducibil ity in this paper, and 
discuss the others only when they 
impact this issue. 
Approaches  for 
reproducib i l i ty  
1. Traditional thinking: keep 
everything as constant as possible 
that could affect the layer properties. 
Check with frequent est and calibra- 
t ion runs. Tweak  cont inuous ly  
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(growth rate, composition, doping, 
morphology). Factors needed are: 
• good control of starting wafers 
(cleaning procedure vs epi-ready) 
• good control of all flows, pressures, 
alkyl bath temperatures, etc. 
• good control of the thermal envir- 
onment. 
Note that for the latter, reactor 
coatings change emissivities and 
thermal conduction, and can affect 
growth rate, temperature dependent 
properties uch as composition and 
doping, and particulate formation. 
Reproducibility of -1% run to run is 
achievable in this traditional way, but 
only if 10-15% of the runs are 
dedicated to tests and calibration, 
rather than product. Devices requir- 
ing better than 1% reproducibility, 
such as VCSELs, cannot be grown 
with good yield using this traditional 
approach. 
2. New paradigm.~ a paradigm shift, 
using in-situ methods to directly 
control the parameter(s) of interest. 
It is now possible to do this for 
growth rates (and therefore layer 
thicknesses) and alloy composition. 
In-situ measurement of normal dop- 
ing levels is under active investiga- 
tion, but is not sufficiently developed 
at this time for control. For most 
optoelectronic devices, doping levels 
are not as critical as thickness and 
composition, so for this family of 
devices the number of calibration 
runs can be restricted to verifying 
reactor integrity after cleaning and 
checking new sources for purity. For 
electronic devices where doping 
levels are more critical, this approach 
can still reduce the number of test 
runs substantially, by 50-75%. 
Optical probes 
Aspnes has given an excellent review 
[4] of the different optical techniques 
used for monitoring epitaxial growth. 
In this paper he points out that many 
different echniques, including opti- 
cal and X-ray, have been used in a 
diagnostic mode, and have helped 
elucidate growth mechanisms by 
looking at surface structure during 
growth. In this paper we restrict 
ourselves to those techniques that 
show promise for in-situ control of 
practically important layer proper- 
ties, namely thickness, composition 
and doping. The major optical tech- 
niques that have been used so far for 
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Figure 2. ,Schematic 
of the optical layout 
needed for 
reflectance and 
ellipsometric in- 
situ control for a 
multi-wafer high 
speed rotating disk 
MOVPE reactor, 
showing the optical 
paths. 
this purpose are reflectivity and 
ellipsometry. We will discuss these 
at greater length and then see how 
they have been applied to controlling 
the epitaxial process. 
Measuring the near-normal reflec- 
tance requires relatively simple 
equipment and has been reported 
by many groups. Figure 2 shows a 
schematic of the optical layout re- 
quired. Breiland and Killeen [5] have 
recently reviewed earlier work on 
reflectance. They report extracting 
growth rates and compositional in- 
formation, using the virtual interface 
method pioneered by Aspnes [4]. 
They were able to measure thick- 
nesses to better than 1% within a few 
nm of layer initiation. To achieve this 
level of results requires that the 
windows stay clean during the 
growth run and that an appropriate 
wavelength be selected beforehand 
to avoid absentee layers and too 
strong oscillation attenuation. Deriv- 
ing compositional information re- 
quires ca l ibrat ion data and an 
accurate knowledge of the growth 
temperature.  Figure 3 shows an 
EMCORE Flow Flange with vertical 
optical ports that do not affect the 
uniformity of the gas flow (or the 
grown layers), and that stay clean for 
hundreds of deposition runs. 
Figure 3. Photograph of an EMCORE Flow Flange with 
vertical ports for in-situ reflectance measurements 
and control. Note that the small port does not affect 
gas flow or layer uniformly, and that it is purged so 
that it stays clean for hundreds of runs.The EMCORE 
reflectance system is mounted on one of the ports. 
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The ellipsometric technique has 
been applied to MBE growth by 
several groups, particularly Aspnes 
and his co-workers at Bellcore [6]. 
The equipment is more complex 
than for reflectance, and the win- 
dows must be strain-free. Figure 2 
shows the optical layout schemati- 
cally for an MOVPE system. Growth 
parameters may be derived more 
rapidly than for reflectance, so for 
thinner layers requiring composi- 
tional control it has an advantage. 
Once again, calibration data are 
needed at the actual growth tem- 
perature. Figure 4 shows an EMCORE 
MOVPE growth chamber that has 
strain free windows for ellipsometry 
as wel l  as ver t i ca l  por ts  for  
reflectance. 
Experimental results 
The Sandia group [5] have made a 
study of the reflectance technique 
using Monte Carlo simulations to test 
for accuracy. Growth rate accuracies 
reach 1% within a few nm of growth 
and better than 0.1% for layer thick- 
nesses of 20-40 nm when all para- 
meters  are ext rac ted  f rom the 
reflectance curve. If accurate optical 
constants are known, these figures 
get even better. They also measured 
the composit ion of AIGaAs layers 
after deriving the optical constants 
at the growth temperature  from 
layers of GaAs and AlAs. All measure- 
ments were made with a vertical, 
high speed, rotating disk reactor, on 
spinning wafers. Figure 5 shows a 
reflectance plot of the early part of a 
run to obtain growth rates for differ- 
ent sources and alloy compositions. 
The long term stability of the system 
was excellent, ensuring consistency 
for thick structures and from run to 
run. This group has since reported 
growing VCSELs in their EMCORE 
system with a reproducibi l i ty of 
+ 0.3% over 100 runs, and a uni- 
formity of + 0.2% over a 3" wafer [7]. 
We have recently installed a reflec- 
tance system similar to Sandia's on 
one of the systems in our Lab (Figure 
Figure a. Photograph of an EMCORE 
Discovery D180 reactor chamber with two 
ports for in-situ ellipsometric measurements 
and control.The 15 ° angle is optimum for 
typical III-V materials.The windows are 
strain free and are purged so they stay 
clean for hundreds of runs.The Woollam 
ellipsometer polarizer and detector are 
shown mounted on the ports. 
3), and are working on integrating it
with the system controller for real- 
time in-situ control of thickness and 
composition. Azoulay and co-workers 
used  [8] a shor t  wave length  
(514 nm) for growing GaAs/AIAs 
Bragg reflector stacks (layer thick- 
nesses are between 60 and 90 nm), 
and a longer wavelength (1320 nm) 
for layers up to several microns thick. 
They were also able to measure the 
Al content of AIGaAs films using the 
1320 nm light. The reproducibility of 
the Bragg reflector stop band center 
wavelength (980 nm) was better  
than l%. 
Most ellipsometric measurements 
and control have been applied to 
MBE growth. Aspnes first reported 
the accurate control of alloy compo- 
sition by ellipsometry in the growth 
of A1GaAs layers [6], and has recently 
reviewed the topic [9]. He also 
reported a study of the accuracy of 
ref lectance and el l ipsometry for 
thickness measurements [10], and 
found that for thinner layers ellipso- 
metry is more accurate, but for films 
thicker than a few tens of nm, the 
Figure 5. Reflectance plot as a function of time showing the growth of different layers for 
calibration of growth rates and composition. Note the different growth rates for different 
MO sources and for heavily C-doped GaAs grown at slightly different temperatures 
(courtesy of Sandia National Laboratories). 
Page 1 !i~::~ii5 I ~  li~ii°:~i::~V=;i:=: Vol 9 No 3 
l'i  I/I il i I °If '° ................ . . . . . . . . . . . . . . . . . . . . . . . . .  
accuracies are similar. In a joint 
project with Hughes Research Labs 
and JJLWoollam Co., we have in- 
stalled a Woollam ellipsometer on 
an EMCORE Discovery 180 MOVPE 
system at Hughes and on an identical 
reactor chamber in our Lab (Figure 
4). These systems are being used to 
grow InP-based HEMT and HBT 
structures on three 3" wafers/run. 
The ellipsometer beam is aimed at 
the wafer centerline, and therefore 
strikes all three wafers and a small 
part of the wafer carrier as the latter 
rotates at high speed. Preliminary 
measurements at Hughes have shown 
that the ability to gather accurate 
optical constants is essentially unaf- 
fected by this motion. It may also be 
possible to measure the individual 
wafers using gating techniques, but 
this is probably unneccesary due to 
the superior wafer to wafer unifor- 
mity typical for this reactor config- 
uration (see Figure 1 for example). 
Figure 6 shows the composition of 
three MinAs layers computed in real 
time during a growth in the EMCORE 
system. Each consecutive 10 minute 
layer was run at a different AI flow 
while keeping the In flow constant. 
The results show the composition is 
uniform throughout each layer, and 
the measurement  quickly follows 
changes in the input conditions. Ex- 
situ XRD measurements after the run 
gave In compositions of 0.531, 0.540, 
and 0.552 for the three layers respec- 
tively, showing excellent agreement 
with the el l ipsometric data. The 
ell ipsometer is also capable of simul- 
taneously making real time thickness 
measurements. In a run growing a 
nominal 90 nm InAlAs layer on InP 
which was closely lattice matched, 
.the el l ipsometer showed a layer 
thickness of 89.50 + 0.45 nm and 
an In composi t ion of 0.5286 + 
0.0016. This system is now being 
used to actively control the In com- 
position and layer thickness for In- 
GaAs and InAIAs layers grown on InP. 
Additional benefits of the ellipso- 
metric technique include being able 
to measure the substrate tempera- 
ture to better  than I°C, and to 
accurately observe the complete des- 
orption of the oxide layer prior to 
growth. 
In-situ control 
What is needed to apply these new 
techniques to manufacturing? Firstly, 
good optical access must be provided 
to the wafers in the growth environ- 
ment. That is, optical ports or win- 
dows are needed (strain-free for 
eUipsometry) that do not become 
coated during the growth process 
and are at the optimum angles (-90 ° 
to the wafer surface for reflectome- 
try and -15 ° for ellipsometry). Sec- 
ondly, the techn ique  must  be 
insensitive to wafer motion, since in 
batch reactors either the wafers need 
Figure 6. The In composition of AIInAs grown on InP measured in real time by ellipsometry. 
Three ten minute layers were grown at three different AI flows while keeping the In flow 
constant. Lattice matching to better than i x 10 -4 can be achieved with these results. 
(Courtesy of Hughes Research Laboratory). 
The newest member of the EMCORE 
family of MOV~ systems is this c~t~ 
and two depositm chambl, rs.One 
chamber is currently configured for 
processing single 150 mm (6 #) GaAs 
wafers, while the other holds 3 x 76 mm 
(3") inP wafers. Both sides are used for 
electronic devices, including HBTs and 
HEMTs, where the short growth times 
favor this ~e of configuration.The InP 
chamber includes a Woollam 
oltipsometer for in-situ control of 
thickness and composition, as 
discussed in the text 
to individually and collectively rotate 
to even out depletion effects (pseu- 
do-horizontal geometr ies  such as 
barrel and planet)  or the wafer  
carrier rotates rapidly to achieve 
uniformity (high speed rotating disk 
geometry). Thirdly, the measurement 
technique must be sufficiently rapid 
and accurate, so that compositional 
control can be precise and layers can 
be terminated at the appropriate 
time. Lastly, the measurement system 
must be interfaced with the control 
computer  and software to allow 
smooth control and ease of use. For 
instance, at the start of growth, initial 
conditions must be supplied by the 
system control ler until the layer 
thickness is sufficient for accurate 
measurement of the properties of 
interest. These can come from prior 
runs or be set by the operator. The 
transition from the initial values to 
true irvsitu control must be done 
carefully to avoid transients. 
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Conclusions 
As devices become more complex 
and epitaxial wafer specifications 
t ighten, the MOVPE equ ipment  
needed for compound semiconduc- 
tor manufacturing must also advance. 
In this paper we have analyzed the 
basic requirements for manufactur- 
ing, and find that good uniformity is 
required, but wafer to wafer and run 
to run reproducibility are just as 
important. To implement this, a 
paradigm shift away from trying to 
hold all parameters constant and 
making frequent calibration runs is 
needed, toward in-s i tu controls. 
These not only allow better reprodu- 
cibility than can be achieved with the 
old techniques, but also increase the 
effective throughput of the equip- 
ment and lower product costs. This 
then opens the way to full automa- 
tion of the growth process, which 
when combined with robotic wafer 
handling (see sidebar on previous 
page), takes a giant step toward a 
"silicon-like" world for the com- 
pound semiconductor industw. 
Bill Kroll, EMCORE Corporation 
394 Elizabeth Avenue 
Somerset, NJ 08873, USA 
Tel: [1] (908) 271-9090 
Fax: [1] (908) 271-9686 
E- mail: bill(~ emcore.com 
WWW: http ://wu'w. emcore, corn 
References 
1. Alan G. Thompson, Processing of 
Advanced Matls 4, 181 (1994). 
2. A.G. Thompson, W. Kroll, M.A. McKee, 
R.A. Stall, and P. Zawadzki, III-Vs 
Review, 8, (1995), #3, p 14. 
3. G.S. Tompa, B. Kroll, and N.E. Schu- 
maker, Semiconductor Fabtech, #1, 
101 (1994). 
4. D.E. Aspnes, Surface Science, 307-309, 
1017 (1994). 
5. W.G. Breiland and K.P. Killeen, J. Appl. 
Phys. "78 (1995) 6726~ 
6. D.E. Aspnes, W.E. Quinn, and 
S. Gregory, Appl. Phys. Lett. 5"7, 2707 
(1990). 
7. H. Hou, H. Chui, B. tiammons, W. 
Breiland, K. Choqnette, paper OL2, 
ICMOVPE VIII, (1996). 
8. Y. Raffle, R. Kuszclcwicz, R. Azoulay, 
G. Le Roux, J.C. Michel, L. Dugrand, 
and E. Toussacre, Appl. Phys. Lett. 63, 
3479 (1993). 
9. D.E. Aspnes, IEEE J. Select. Topics in 
Quant. Elect. 1, 1054 (1995). 
10. W. Gilmore I11 and D.E. Aspnes, Appl. 
Phys. Lett. 66, 1617 (1995). 
Page 17 I I~ l i~  ............... 2~" ~.~:""~i! Vol 9 No 3 
